



































Earth's	 radiative	 budget.	 Contrary	 to	 the	 warming	 effect	 of	 greenhouse	 gases,	 aerosols	
typically	have	a	cooling	effect	due	to	their	ability	to	nucleate	cloud	droplets	that	reflect	solar	
radiation.	The	ability	of	an	aerosol	particle	to	act	as	a	cloud	condensation	nucleus	depends	







savannah	 fires.	 These	 are	 two	 poorly	 understand	 natural	 sources	 of	 cloud	 condensation	





salt,	 semi-volatile	 organic	 and	 non-volatile	 (below	 550	 °C)	 organic	 compounds.	 Despite	















Station	 (ATARS),	 located	 near	 the	 north	 coast	 of	 the	 Northern	 Territory.	 This	 region	 is	
characterised	by	savannah	vegetation	and	human	settlements	are	scarce.	The	vast	majority	
of	 Australia's	 fires	 occur	 in	 this	 region	 during	 the	 dry	 season	 and	 are	 a	 combination	 of	
prescribed	 and	 accidental	 burns.	 Extensive	 instrumentation	 from	 most	 of	 Australia's	
atmospheric	 research	 institutes	 was	 operated	 during	 the	 campaign	 to	 characterise	 the	
emissions	 from	 these	 fires.	 These	 measurements	 were	 used	 to	 estimate	 savannah	 fire	




during	 periods	 of	 frequent	 or	 intense	 fires.	 Both	 the	 size	 and	 composition	 of	 the	 smoke	
particles	were	found	to	significantly	influence	the	ability	of	these	smoke	particles	to	act	as	
cloud	condensation	nuclei.		On	average,	the	change	in	smoke	composition	during	the	day	due	










Cloud	 condensation	 nuclei,	 aerosol-cloud	 interactions,	 natural	 aerosol,	 sea	 spray	 aerosol,	
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and	 phytoplankton	 (Carslaw	 et	 al.,	 2010).	 Since	 the	 industrial	 revolution	 anthropogenic	
aerosols	 have	 also	 made	 up	 a	 significant	 contribution	 (Andreae	 and	 Rosenfeld,	 2008).	
Measuring,	understanding	and	predicting	the	properties	of	these	aerosols,	with	respect	to	


















climates,	 there	 are	 many	 different	 sources	 for	 various	 terrestrial	 aerosols.	 The	 most	









sources	 of	 natural	 aerosols	 around	Australia;	 the	Great	 Barrier	 Reef	 and	 north	Australian	
savannah	fires.	Up	until	now,	there	exists	no	observation	of	primary	marine	aerosol	formation	
from	corals	reefs	anywhere	in	the	world.	Considering	the	sheer	size	of	the	Great	Barrier	Reef,	












concentrations	 are	 strongly	 linked	 to	 the	 dry	 season	 fires.	With	 trade	winds	 carrying	 the	
regional	 smoke	 over	 the	 tropical	 warm	 pool	 in	 the	 Indian	 Ocean,	 it	 is	 important	 that	 to	
understand	 the	 role	 that	 these	 fires	 have	 in	 aerosol-cloud	 processes.	 This	 will	 constrain	






world,	 potentially	 forming	 a	 basis	 for	 environmental,	 economic	 and	 social	 reform.	 It	 is	
therefore	crucial	to	provide	a	comprehensive	understanding	of	the	characteristics	of	these	
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concentrations	 in	 sea	 spray	 aerosol	 and	 to	 assess	 the	 suitability	 of	 this,	 and	other	
instrumental	techniques,	in	sea	spray	aerosol	measurements.	
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organics	 has	 been	 accepted	 for	 publication	 in	 the	 Journal	 of	 Geophysical	 Research	 -	
Atmospheres	and	makes	up	Chapter	3	of	this	thesis.	This	paper	reports	the	composition	of	
submicron	sea	spray	aerosol	generated	from	Great	Barrier	Reef	seawater	and	links	this	with	





an	overview	of	 the	 SAFIRED	 campaign	 has	been	 submitted	 for	publication	 in	Atmospheric	
Chemistry	and	Physics	and	makes	up	Chapter	4	of	this	thesis.	This	paper	summarises	all	of	the	
measurements	 and	 expected	 outcomes	 of	 the	 SAFIRED	 campaign,	 a	 month-long	 field	
campaign	in	the	north	Australian	dry	season	when	fires	are	very	frequent	and	wide-spread.	












While	 the	 results	 from	 Chapter	 3	 are	 from	 a	 laboratory-based	 study,	 this	 paper	 presents	
results	 from	a	 field	campaign,	which	has	benefits	and	drawbacks.	While	details	about	 the	
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will	 be	 placed	 on	 the	 instruments	 relevant	 to	 this	 project.	 This	 review	 will	 end	 with	 a	







parts	 of	 the	 atmosphere.	 Aerosol	 particles	 are	 typically	 very	 small,	 ranging	 from	 a	 few	
nanometres	up	to	micrometres	in	size.	Some	are	formed	by	the	condensation	of	atmospheric	
vapours,	which	can	then	grow	up	to	tens	of	nanometres.	Particles	within	this	size	range	are	
classified	 as	 nucleation	 or	 Aitken	 mode	 particles.	 Aerosol	 particles	 that	 have	 undergone	
further	growth	via	condensation	or	coagulation	are	of	the	order	of	hundreds	of	nanometres	

















and	 will	 be	 discussed	 later.	 Furthermore,	 an	 aerosol	 population	 can	 contain	 particles	 of	













atmosphere.	 The	 radiative	 budget,	 and	 all	 of	 the	 components	 of	 the	 earth's	 atmosphere,	
oceans	and	land	that	influence	it,	will	ultimately	determine	the	temperature	at	earth's	surface	
that.	Greenhouse	gases	allow	solar	 (shortwave)	 radiation	 to	pass	but	absorb	 the	outgoing	
terrestrial	 (longwave)	 radiation,	 thereby	 resulting	 in	 a	 warming	 effect.	 This	 so	 called	
greenhouse	effect	is	well	known	due	to	the	growing	concern	of	anthropogenic	greenhouse	




properties,	 estimates	of	 the	 global	 radiative	 forcing	due	 to	 aerosol-radiation	 and	aerosol-
cloud	 interaction	 are	 the	 least	 constrained.	 The	AR5,	 the	 latest	 assessment	 report	 by	 the	
Intergovernmental	 Panel	 on	 Climate	 Change	 (IPCC),	 estimate	 that	 the	 effective	 radiative	
forcing	 due	 to	 greenhouse	 gases,	 aerosol-radiative	 interactions	 and	 aerosol-cloud	
interactions	is	2.83	(2.26	to	3.40)	W	m-2,	-0.45	(-0.95	to	+0.05)	W	m-2	and	-0.45	(-1.2	to	0.0)	W	
m-2,	 respectively	 (Myhre	 et	 al.,	 2013).	 Of	 all	 of	 the	 forcing	 estimates,	 aerosol-cloud	
interactions	are	given	the	lowest	confidence	level	due	to	a	"variety	of	different	observational	
evidence	 and	modelling	 activities"	 and	 a	 "spread	 in	 the	model	 estimate	 of	 [the	 effective	
radiative	 forcing]	 and	 differences	 between	 observations	 and	models	 results".	 In	 order	 to	
understand	 the	 current	 climate	 system	and	make	 accurate	 and	precise	predictions	of	 the	
future	 climate,	 every	 component	 that	 has	 a	 role	 in	 the	 radiative	 balance	 must	 be	 fully	
understood.	 Addressing	 the	 large	 uncertainties	 associated	with	 aerosol-cloud	 interactions	
can	 be	 achieved	 by	 improving	 model	 estimates	 by	 understanding	 the	 fundamental	








aerosol	 particle	 to	 act	 as	 a	 CCN	 is	 determined	 by	 these	 properties.	 The	 number	 of	 CCN,	
together	with	 the	availability	of	water	vapour,	dictate	 the	 type,	 lifetime	and	whiteness	of	
clouds	 (Haywood	 and	 Boucher	 (2000);	 see	 Figure	 2-2).	 These	 cloud	 properties	 directly	
influence	precipitation	and	play	an	important	part	in	cooling	the	earth's	surface	by	reflecting	
solar	radiation.	It	is	therefore	crucial	that	there	is	a	strong	understanding	of	the	sources	of	













both	 directly	 and	 indirectly	 due	 to	 cloud	 albedo,	 for	most	 of	 the	major	 types	 of	 natural	
aerosols	(Rap	et	al.,	2013).	The	mass	burden	of	sea	salt	is	ubiquitous	over	the	world's	oceans	
Natural	aerosols	around	Australia	are	diverse.	Because	 the	entire	continental	perimeter	 is	






























different	 vegetation	 fires.	 The	 global	 average	 radiative	 forcing	 due	 to	 biomass	 burning	






interact	 with	 solar	 and	 terrestrial	 radiation.	 Some	 carbonaceous	 material	 formed	 by	
incomplete	 combustion	 can	 strongly	 absorb	 solar	 radiation	while	 organic	 carbon	 typically	
scatters	 solar	 radiation	 (Penner	 et	 al.,	 1998).	 Biomass	 burning	 aerosols	 can	 act	 as	 cloud	
condensation	nuclei	if	they	are	large	enough	for	water	to	easily	condense	onto	their	surface,	





by	 either	 delaying	 precipitation,	 or	 decreased	 by	 evaporation-entrainment	 feedback.	 The	
	 31	







Atmospheric	 chemistry	 and	 radiative	 forcing	 will	 depend	 on	 how	 gaseous	 and	 aerosol	
emissions	from	fires	age	as	they	move	and	interact	with	each	other	and	existing	species	in	the	
atmosphere.	 Biomass	 burning	 aerosols	 can	 be	 involved	 in	 condensation	 and	 coagulation	
(Radhi	 et	 al.,	 2012),	 undergo	 water	 uptake	 (Mochida	 and	 Kawamura,	 2004)	 form	 cloud	
droplets	(Novakov	and	Corrigan,	1996),	and	be	exposed	to	photochemical	aging	processes,	





Primary	 organic	 aerosol	 directly	 emitted	 from	 biomass	 burning	 can	 interact	 with	 non-




peroxy	 radicals	 that	 react	 with	 NO.	 Photochemical	 reactions	 also	may	 lead	 to	 an	 overall	
increase	 in	 total	aerosol	mass	 through	the	condensation	of	NMOCs	onto	existing	particles	
(Reid	et	al.,	1998;Yokelson	et	al.,	2009;Akagi	et	al.,	2012;DeCarlo	et	al.,	2008).	Some	studies	
have	 shown	 the	opposite,	 i.e.,	 	photo-oxidation	can	also	 lead	 to	 the	evaporation	of	 some	
primary	 organic	 constituents,	 resulting	 in	 an	 overall	 mass	 reduction	 (Hennigan	 et	 al.,	
2011;Akagi	et	al.,	2012).	With	thousands	of	organic	compounds	in	the	atmosphere,	each	with	
different	 volatilities	 and	 potential	 reaction	 mechanisms,	 our	 understanding	 of	 secondary	
organic	aerosol	production	 is	 limited	 (Goldstein	and	Galbally,	2007;Keywood	et	al.,	2011).	




The	water	uptake	by	aerosols	 is	determined	by	 their	 size	and	composition,	as	well	 as	 the	
atmospheric	 humidity	 (McFiggans	 et	 al.,	 2006).	 The	 hygroscopic	 properties	 of	 all	 of	 the	
different	components	of	an	aerosol	particle	contribute	to	its	total	hygroscopicity	(Chen	et	al.,	
1973;Stokes	 and	 Robinson,	 1966).	 The	 presence	 of	 different	 water-soluble	 and	 water-
insoluble	organics	and	 inorganics	will	 therefore	strongly	 influence	water	uptake.	Chamber	
studies	that	have	investigated	emissions	from	biomass	fuels	have	shown	that	the	hygroscopic	
response	can	vary	significantly	depending	on	fuel	type	(Carrico	et	al.,	2010).	Understanding	
the	water	 uptake	 of	 atmospheric	 aerosols	 is	 further	 complicated	when	 considering	 other	
aging	 processes	 as	 described	 previously.	 Nonetheless,	 it	 is	 important	 to	 characterise	 the	
water	uptake,	as	this	will,	in	turn,	influence	other	atmospheric	chemistry	processes,	radiation	
scattering	and	absorption	as	well	 as	 cloud	processing.	 Furthermore,	 cloud	albedo	 is	more	






the	 secondary	 bursting	 of	 bubbles	 due	 to	 breaking	 waves	 (Blanchard,	 1989;Lewis	 and	
Schwartz,	 2004).	When	 these	 bubbles	 rise	 to	 the	 surface	 and	 burst,	 they	 release	 a	 large	
number	of	film	and	jet	droplets	(see	panel	d	and	f	in	Figure	2-5,	respectively).	When	the	water	
within	these	film	droplets	evaporate,	a	mixture	of	sea	salt	and	organic	material	is	left	behind,	










SSA	 particles	 can	 directly	 scatter	 or	 absorb	 light	 (Murphy	 et	 al.,	 1998;Quinn	 et	 al.,	
1998;Schwartz,	 1996)	 and	 undergo	 cloud-aerosol	 interactions	 to	 form	 clouds	 (Mason,	
2001;Murphy	et	al.,	1998;O'Dowd	et	al.,	1997;Pierce	and	Adams,	2007).	Properties	that	affect	
light	scattering	and	cloud	formation,	such	as	the	chemical	composition	and	hygroscopicity	of	
SSA,	 are	 poorly	 understood.	 This	 exacerbates	 climate	 model	 uncertainties(Gantt	 and	
Meskhidze,	 2013;Meskhidze	 et	 al.,	 2013).	 Measurements	 of	 submicron	 primary	 SSA	 are	
scarce,	particularly	 in	 the	 Southern	Hemisphere	 (Cravigan	 et	 al.,	 2015).	 Concentrations	of	
ambient	SSA	are	generally	low	and	secondary	processes,	such	as	coagulation,	condensation	
of	 sulphuric	 and	 organic	 vapours	 and	 cloud	 processing,	 complicate	 composition	




frits	 in	 bubble	 chambers	 (Modini	 et	 al.,	 2010;Tyree	 et	 al.,	 2007)	 or	 in	 situ	 (Bates	 et	 al.,	
2012;Quinn	et	al.,	2014)	plunging	water	(Fuentes	et	al.,	2010)	and	wave	breaking(Prather	et	
al.,	2013).	A	variety	of	SSA	production	mechanisms	have	been	implemented	and	justified	by	
















transmission	 electron	microscopy	 samples	 and	 single	 particle	mass	 spectrometry	of	wave	
chamber	aerosols	produced	 from	coastal	waters	 (Collins	 et	 al.,	 2013;Prather	 et	 al.,	 2013).	
Increased	 organic	 enrichment	 of	 nascent	 SSA	with	 decreasing	 particle	 diameter	 has	 been	
repeatedly	observed	(Collins	et	al.,	2013;Facchini	et	al.,	2008;Keene	et	al.,	2007;Prather	et	al.,	
2013;Quinn	 et	 al.,	 2014),	 although	 not	 in	 all	 studies	 (Modini	 et	 al.,	 2010).	 Sea	 sweep	
measurements	 over	 the	 North	West	 Atlantic	 and	 North	 East	 Pacific	 oceans	 indicate	 the	
presence	of	a	non-volatile	organic	SSA	component	(Bates	et	al.,	2012;Frossard	et	al.,	2014),	







The	 specific	 composition	 of	 submicron	 organics	 in	 SSA	 is	 difficult	 to	 quantify.	 Chamber	
measurements	 of	 nascent	 SSA	 (Facchini	 et	 al.,	 2008)	 and	 ambient	 flux	 measurements	
(Ceburnis	et	al.,	2014)	have	indicated	 that	the	organic	fraction	of	submicron	SSA	is	almost	





a	 represents	 the	 most	 consistent	 predictor	 of	 sub-micron	 primary	 marine	 organic	
concentrations	(Gantt	et	al.,	2011;Rinaldi	et	al.,	2013).	Subsequent	measurements	from	the	
North	East	Pacific	and	Northern	Atlantic,	however,	suggest	that	the	organic	enrichment	of	SSA	
is	 dominated	 by	 an	 ever-present	 pool	 of	 dissolved	 organic	 carbon	DOC	 (<	 0.2	 µm)	 and	 is	
unrelated	 to	 bulk	 seawater	 organic	 matter	 (as	 indicated	 by	 POC	 and	 chlorophyll-a	
concentrations)	 (Bates	 et	 al.,	 2012;Frossard	 et	 al.,	 2014).	 These	 studies	 used	 Fourier	



















are	 gaseous	 compounds	 emitted	 by	 vegetation.	 Similarly	 to	 DMS,	 these	 compounds	 can	
undergo	photochemical	reactions	to	form	new	particles	or	condense	onto	existing	particles.	





Cloud	droplets	are	 formed	when	water	vapor	condenses	 into	the	 liquid-phase.	Due	to	the	
typical	temperatures	and	humidity	within	earth's	atmosphere,	a	particle	(CCN)	is	required	for	
the	phase	change	to	occur.	To	understand	how	aerosol	particles	can	act	as	CCN	and	form	








is	 the	 surface	 tension	 at	 the	 surface	 interface,	 V	 is	 the	molar	 volume	 of	 water,	 R	 is	 the	
universal	gas	constant,	T	is	the	temperature	and	D	is	the	diameter	of	the	droplet.		This	shows	
that	with	an	increasing	droplet	sizes,	the	required	vapor	pressure	to	achieve	equilibrium	is	
lower.	This	 is	known	as	the	Kelvin	effect,	and	 its	consequence	 is	that	 it	 is	easier	 for	 larger	
particles	to	act	as	cloud	droplets.		
	


































between	 the	solution	and	air,	Mw	 is	 the	molecular	weight	of	water,	R	 is	 the	universal	gas	
















form	 a	 cloud	 droplet),	 and	Dd	 is	 the	 corresponding	 dry	 particle	 diameter.	 The	 critical	 dry	
diameter	(i.e.	the	smallest	size	at	which	a	particle	will	turn	into	a	cloud	droplet)	can	be	found	
if	 the	 total	 number	of	 cloud	droplets	 at	 a	 particular	 supersaturation	 and	 the	particle	 size	
distribution	are	known	(assuming	an	internal	mixture	of	particles).	The	application	of	these	
equations	depend	on	which	quantities	have	been	measured.	Some	measurement	techniques	
are	 able	 to	 investigate	 particle	 size	 and	 composition	 and	 can	 therefore	 calculate	 the	








































κ	values	 for	pure	substances	can	vary	 from	~1.4	 for	 the	most	hygroscopic	species	such	as	
sodium	chloride	and	approaches	0	for	hydrophobic	substances.	κ	typically	varies	between	0.1	





Understanding	 the	 relationships	 between	 aerosol	 size	 and	 composition	 and	 the	 ability	 of	
these	particles	to	act	as	cloud	droplets	is	vital	in	reducing	climate	uncertainties.	Predictions	







Measuring	 aerosol	 properties	 is	 a	 difficult	 task	 due	 to	 their	 size	 and	 sometimes	 low	
concentrations.	In	the	marine	environment	they	are	typically	in	the	order	of	nanometers	and	
a	few	micrograms	per	cubic	meter.	Despite	this,	many	aerosol	measurement	instruments	and	
techniques	 have	 been	 developed	 that	 have	 the	 ability	 to	 quantify	 important	 aerosol	
characteristics,	 such	 as	 size,	 mass,	 number	 and	 composition.	 This	 literature	 review	 will	












straightforward	and	typically	 require	 the	collection	of	particles	on	 filters	and	measure	 the	
mass	using	high	precision	mass	balance	techniques.	Particle	mass	concentration	is	one	of	the	












Total	 particle	 number	 concentrations	 are	 typically	 measured	 with	 Condensation	 Particle	






































including	 high	 performance	 liquid	 chromatography,	 gas	 chromatography,	 ion	














aerosol	mass	 spectrometers,	 such	as;	Quadrupole	 (Q-AMS),	 compact	Time-of-Flight	 (cToF-
AMS),	 High	 Resolution	 Time-of-Flight	 (HR-ToF-AMS),	 Soot-Particles	 (SP-AMS)	 and	 Thermal	





has	 optimized	 mass	 spectroscopy	 through	 changes	 in	 particle	 collection,	 sizing	 and	







with	a	0.1	 lpm	critical	orifice,	a	PM1	aerodynamic	 lens	and	a	 rotating	disc	with	small	 slits	









Upon	 vaporization	 and	 ionization,	 the	 sample	 enters	 the	 second	 chamber	 where	 an	
orthogonal	extractor	and	ion	reflector	deflect	the	ions	in	a	V-shape	towards	a	Multi-Channel-







The	 user	 defines	 an	 amount	 of	 time	 for	 the	 sample	 to	 pass	 by	 the	 open	 chopper.	 High	





of	 ~140	Hz.	 This	 sends	 packages	 of	 the	 sample	 towards	 the	 ion	 optics	 and	MCP.	 In	 each	







The	vaporizers	 in	ToF-AMS	are	usually	 set	 to	~600°C	and	 therefore	 these	 instruments	are	
typically	used	 to	 the	quantification	of	non-refractory	material	only.	Additional	calibrations	
have	been	applied	to	quantify	some	refractory	material,	such	as	sea	salt	(Ovadnevaite	et	al.,	






A	Volatility	and	Hygroscopicity	Tandem	Differential	Mobility	 (VH-TDMA)	 is	a	useful	 tool	 in	










and	 by	 setting	 or	 varying	 the	 temperature	 of	 the	 thermaldenuder,	 inferences	 about	 the	
composition	 of	 the	 particle	 can	 be	 made.	 Furthermore,	 the	 H-TDMA	 can	 provide	
characterisation	of	 the	water	uptake	 (HGF	 -	Hygroscopic	Growth	Factor)	of	 these	aerosols	



















The	 complexity	 of	 processes	 arising	 from	 variability	 in	 emission	 factors,	 smoke	 size,	
composition	and	aging	of	biomass	burning	smoke	gives	rise	to	a	large	uncertainty	that	fires	
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activity	 can	 vary	 greatly	 in	 size,	 number	 and	 composition	 and	 in	 their	 influence	 on	 cloud	























SSA	particles	can	directly	scatter	or	absorb	 light	 (Schwartz	 1996,	Murphy,	Anderson	et	 al.	
1998,	Quinn,	 Coffman	 et	 al.	 1998)	and	undergo	cloud-aerosol	 interactions	 to	 form	clouds	
(O'Dowd,	Smith	et	al.	1997,	Murphy,	Anderson	et	al.	1998,	Mason	2001,	Pierce	and	Adams	
2007).	 Properties	 that	 affect	 light	 scattering	 and	 cloud	 formation,	 such	 as	 the	 chemical	
composition	 and	 hygroscopicity	 of	 SSA,	 are	 poorly	 understood.	 This	 exacerbates	 climate	
model	 uncertainties(Gantt	 and	 Meskhidze	 2013,	 Meskhidze,	 Petters	 et	 al.	 2013).	 SSA	 is	
produced	from	the	direct	impact	of	wind	on	the	ocean	surface	and	the	secondary	bursting	of	
bubbles	due	to	breaking	waves	(Blanchard	1989,	Lewis	and	Schwartz	2004).	Measurements	
of	 submicron	 primary	 SSA	 are	 scarce,	 particularly	 in	 the	 Southern	 Hemisphere	 (Cravigan,	
Ristovski	 et	 al.	 2015).	 Concentrations	 of	 ambient	 SSA	 are	 generally	 low	 and	 secondary	
processes	complicate	composition	measurements	(Laskin,	Moffet	et	al.	2012,	Shank,	Howell	








size	 distributions	 (Fuentes,	 Coe	 et	 al.	 2010,	 Prather,	 Bertram	 et	 al.	 2013).	 Comparisons	
between	the	SSA	generation	methods	have	indicated	that	wave	breaking	and	plunging	water	
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waters,	 they	 are	 also	 crucial	 to	 the	 existence	 of	 coral	 reefs	 as	 they	 are	 in	 a	 symbiotic	
relationship	 with	 the	 coral	 polyps	 (Jones	 2013).	 Therefore,	 a	 similar	 enrichment	 of	 SSA	
organics	might	be	expected	from	reef	systems;	however,	this	has	not	yet	been	characterized.	
The	Great	Barrier	Reef	 (GBR)	 is	 the	 largest	 of	 the	world's	 coral	 reefs,	 covering	an	area	of	








Russell	 et	 al.	 2014).	 Externally	mixed	 SSA	 composed	 entirely	 of	 organics,	 have	 also	 been	
identified	using	X-ray	analysis	of	transmission	electron	microscopy	samples	and	single	particle	
mass	spectrometry	of	wave	chamber	aerosols	produced	from	coastal	waters	(Collins,	Ault	et	
al.	 2013,	 Prather,	 Bertram	et	 al.	 2013).	 Increased	organic	enrichment	of	nascent	SSA	with	









organic	 enrichment	 must	 be	 a	 result	 of	 differences	 in	 either	 seawater	 composition,	 SSA	
production	mechanisms	or,	possibly,	biases	in	instrumental	measurement	or	analysis.	









marine	 organic	 concentrations	 (Gantt,	 Meskhidze	 et	 al.	 2011,	 Rinaldi,	 Fuzzi	 et	 al.	 2013).	







amine	(13	±	3%)	 functional	groups	 (Frossard,	Russell	 et	al.	 2014).	The	proportion	of	 these	
functional	groups	appears	similar	over	the	North	East	Atlantic,	the	North	West	Atlantic	and	
the	Eastern	Pacific	oceans	(Frossard,	Russell	et	al.	2014).	Uncertainty	remains	in	linking	the	
organic	 composition	 in	 the	water	 phase	 to	 that	 observed	 in	 SSA	 and	 inconsistent	 results	
suggest	that	spatial	and	seasonal	variations	could	play	a	role.	The	primary	aims	of	this	study	
were	 to	 investigate	 the	 composition	of	 SSA	 from	a	 coral	 reef,	 to	explore	 the	existence	of	
primary	organics	in	the	aerosol	phase	with	different	volatilities	as	well	as	to	compare	the	use	























was	 placed	 in	 a	 0.45m3	 cylindrical	 PTFE	 bubble	 chamber	 housing	 two	 sintered	 glass	 frits	
(porosities	between	40	and	100	μm)	to	generate	SSA.	Bubbles	were	generated	by	introducing	
dried	and	filtered	compressed	air	through	the	frits,	with	bubbles	rising	10cm	-	20	cm	before	




Scanning	Mobility	Particle	Sizer	 (SMPS).	The	average	SSA	size	distributions	 for	each	of	 the	
bubble	chamber	experiments	(Figure	3-1).	were	similar	to	that	observed	in	other	studies	using	
sintered	glass	to	produce	SSA	(Tyree,	Hellion	et	al.	2007,	Fuentes,	Coe	et	al.	2010,	Modini,	





























analyzer	 (OI	 Analytical,	 College	 Station,	 TX)	 Chlorophyll-a	 was	 determined	 by	
spectrophotometry	(Apha	1998).	
	
The	 Ultrafine	 Organic	 Tandem	 Differential	 Mobility	 Analyser	 (UFO-TDMA)	 was	 used	 to	
calculate	moderately	oxidized	organic	volume	fractions	of	SSA	particles	by	measuring	how	







196	were	 excluded	 from	 the	 "organic"	 family	 as	 these	 are	 artifacts	 of	 sea	 salt(Drewnick,	
Diesch	et	 al.	 2015).	m/z	58	and	m/z	60	were	also	 removed	as	discussed	below.	 The	AMS	
vaporizer	temperature	was	set	to	approximately	600°C,	a	standard	operating	temperature	for	
this	instrument.	This	temperature	is	too	low	to	fully	flash	vaporize	sea	salt	and	therefore	only	
a	 fraction	of	 sea	 salt	 is	detected.	Additional	experiments	were	conducted	 to	estimate	 the	
fraction	of	sea	salt	detected	by	 the	cToF-AMS	and	to	account	 for	 the	very	poor	collection	






shape	 factor	 of	 1.08	 for	 sea	 salt;	 (Niedermeier,	 Wex	 et	 al.	 2008).	 Although	 sea	 salt	 is	
refractory,	peaks	 for	 seven	sea	 salt	 fragments	 could	clearly	be	 identified	 in	 the	cToF-AMS	
using	the	high-resolution	aerosol	mass	spectrometry	software	package,	Peak	Integration	by	
















ratio	 of	 23Na35Cl+	 and	 23Na37Cl+,	 the	 peak	 signals	 were	 centered	 on	 the	 exact	 masses	 of	
23Na35Cl+	and	23Na37Cl+,	and	the	signals	at	m/z	58	and	m/z	60	were	much	higher	than	even	the	























Caution	must	 be	 used	when	 applying	 this	 sea	 salt	 calibration.	 Although	 sea	 salt	was	 only	
introduced	into	the	cToF-AMS	for	a	few	minutes	at	a	time	in	the	experiments	in	this	study,	
high	concentrations	of	 salt	 for	 long	durations	can	cause	a	build	up	on	 the	AMS	vaporizer,	
making	 quantification	 difficult	 and,	 possibly,	 damaging	 the	 AMS	 filament.	Without	 a	 high	
resolution	AMS,	using	the	23Na35Cl+	and	23Na37Cl+	as	scaling	ions	would	be	difficult	to	apply	to	




SSA	 60	 nm	HGFs	were	 used	 to	 estimate	 the	 hygroscopicity	 parameter	 (κ)	 for	 each	water	
sample	(Petters	and	Kreidenweis	2007).	The	supersaturation	dependent	critical	diameter	
for	CCN	activation,	the	CCN	concentration	and	the	proportion	of	condensation	nuclei	(CN)	




samples;	 therefore	 any	 changes	 in	 CCN	 activation	 are	 due	 entirely	 to	 compositional	























using	various	seawater	samples	as	a	 function	of	 thermodenuder	temperature.	 (c)	The	calculated	total	organic	volume	

















observed	 OVFNV	 values	 ranging	 from	 29%	 -	 49%	 for	 60	 nm	 SSA	 particles.	 The	 difference	
between	the	OVF	calculated	using	HGFs	at	ambient	and	at	300°C	to	450°C	ranged	from	4%	-	
12%	 and	 are	 within	 experimental	 error	 of	 the	OVFSV	 values	 for	 each	water	 sample.	 The	
dissociation	of	sea	salt	at	temperatures	greater	than	550	°C	made	the	interpretation	of	HGFs	
above	 this	 temperature	 difficult.	 We	 can	 therefore	 only	 conclude	 that	 the	 non-volatile	
organics	were	not	volatile	below	550°C.	
	 	
Another	study	 (Modini,	Harris	 et	 al.	 2010)	also	 saw	a	 low	volume	fraction	of	semi-volatile	
organics	of	8%	for	71	to	77	nm	nascent	simulated	SSA	particles	using	water	from	Moreton	Bay,	

























sensitive	 to	 changes	 in	 Chl-a	 or	 TOC	 concentrations.	 This	 indicates	 that	 a	 ubiquitous	
component	 in	 the	 seawater	 is	 responsible	 for	 the	 OVFSV,	 which	 is	 consistent	 with	 that	
observed	 in	 the	North	West	 Atlantic	 (Quinn,	 Bates	 et	 al.	 2014).	 The	OVFNV,	 however,	 did	
appear	 to	 exhibit	 some	dependence	on	water	 Chl-a,	 organic	 carbon	 and	 inorganic	 carbon	
concentrations,	although	more	data	would	need	to	be	collected	to	support	this.		Despite	these	
samples	 being	 collected	 and	 bubbled	 in	 winter,	 the	 observed	 organic	 enrichment	 is	
comparable	 to	 some	 summertime	 measurements	 of	 Aitken	 and	 accumulation	 mode	 SSA	











Since	 these	water	measurements	were	unfortunately	not	done	 for	 the	 Coral	 2	water,	we	
cannot	explain	this	difference	between	the	two	Coral	samples.	Other	studies	have	suggested	












The	 organic	 mass	 spectra	 of	 SSA	 from	 the	 cToF-AMS	 give	 a	 further	 indication	 into	 the	























were	 also	 investigated	 using	 an	 UltraFine	 Organic	 Tandem	 Differential	 Mobility	 Analyser	
(UFO-TDMA;	(Vaattovaara,	Räsänen	et	al.	2005))	and	a	compact	Time-of-Flight	Aerosol	Mass	
Spectrometer	(cToF-AMS;	(Drewnick,	Hings	et	al.	2005)),	respectively.	Comparisons	between	
these	 measurements	 and	 the	 volatility	 and	 hygroscopicity	 measurements	 show	 the	 size	
dependence	 of	 the	 semi-volatile	 and	 non-volatile	 organic	 contribution.	 In	 addition,	 they	
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as	calculated	by	 the	cToF-AMS.	This	suggests	 that	 the	semi-volatile	organics	are	negligible	
when	considering	the	entire	range	of	sub-micron	particles	and	that	the	organics	reported	are	












volume	 fractions	 of	 60nm	 SSA	 particles	 generated	 from	 six	 seawater	 samples	 were	 measured	 with	 the	 VH-TDMA.	
uncertainties	for	the	AMS	OVF	were	based	off	the	standard	deviation	of	the	organic	mass	concentrations	in	each	AMS	
scan	for	each	of	the	six	bubble	bursting	experiments,	as	well	as	a	20%	uncertainty	in	organic	mass	concentrations	and	the	














































































































We	 observed	 a	 volatile	 organic	 fraction	 of	 60nm	 SSA	 particles	 emitted	 from	 reef	 waters	
ranging	from	10%	-	13%	that	appeared	independent	of	water	phase	biology.	A	non-volatile	
(below	550°C)	organic	fraction	ranging	from	39%	-	61%	was	also	observed	for	60nm	SSA.	The	








the	 Great	 Barrier	 Reef	 or	 coral	 reefs	 in	 general.	 This	 would	 involve	 performing	 further	
experiments	 with	 water	 collected	 from	 the	 Great	 Barrier	 Reef	 with	 a	 larger	 variation	 in	
biological	 activity.	 Further	 characterisation	 and	 quantification	 of	 the	 organics	 in	 both	 the	
water	and	aerosol	phase	at	a	number	of	different	particles	sizes,	for	different	SSA	generation	
methods	and	from	water	samples	from	coral	reefs,	coastal	waters	and	open	oceans	would	be	
beneficial.	 In	 addition,	 experiments	 should	 be	 carried	 out	 that	 generate	 SSA	 from	water	
containing	live	corals.	Furthermore,	these	measurements	should	occur	across	all	seasons.	With	
concerns	regarding	the	survival	of	the	Great	Barrier	Reef	in	the	face	of	global	warming	and	
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2014	 until	 the	 30th	 June,	 2014	 at	 the	 Australian	 Tropical	 Atmospheric	 Research	 Station	
(ATARS)	in	the	Northern	Territory,	Australia.	The	purpose	of	this	campaign	was	to	investigate	
emissions	from	fires	in	the	early	dry	season	in	northern	Australia.	Measurements	were	made	









Nine	major	 biomass	 burning	 events	 were	 identified	 and	 associated	with	 intense	 or	 close	
individual	smoke	plumes.	Dry	season	fires	are	extremely	frequent	and	widespread	across	the	
northern	 region	 of	 Australia,	 which	 suggests	 that	 the	 measured	 aerosol	 and	 gaseous	
emissions	 at	 ATARS	 are	 likely	 representative	 of	 signals	 across	 the	 entire	 region	 of	 north	





































tropical	 north	 of	 Australia,	 the	 fires	 during	 the	 early	 dry	 season	 in	 May/June	 consist	 of	





process	 for	 the	 region	 and	 are	 undertaken	 by	 local	 landholders	 with	 permits,	 as	 well	 as	
government	 supported	bodies	 and	 volunteers.	 There	has	been	a	 recent	push	 to	 reinstate	
























radiative	 forcing	 (Jacobson,	 2001)	 by	 absorbing	 shortwave	 radiation.	 Conversely,	 the	
presence	of	aerosol	organic	and	inorganic	matter	can	result	in	a	negative	radiative	forcing	by	
scattering	 solar	 radiation	 (Penner	 et	 al.,	 1998).	 In	 addition,	 BB	 has	 been	 shown	 to	 be	 a	
significant	source	of	cloud	condensation	nuclei	 (CCN),	despite	typically	being	composed	of	
weakly	hygroscopic	substances	 	 (Lawson	et	al.,	2015),	due	to	the	high	number	of	particles	
emitted.	 This	 can	 result	 in	 a	 change	 in	 cloud	droplet	 concentrations	and	volume,	 thereby	





radiative	 budget.	 Certain	 species	 of	 emissions	 (e.g.,	 mercury)	 can	 be	 deposited	 and	




atmospheric	 composition	 and	 air	 quality	 (Kaiser	 and	 Keywood,	 2015).	 	 Furthermore,	 the	
tropics	are	disproportionately	under-sampled	and	the	atmospheric	and	ocean	processes	in	









is	 located	 on	 the	 Gunn	 Point	 peninsula	 in	 northern	 Australia	 (see	 Figure	 4-1).	 ATARS	 is	
operated	by	the	Australian	Bureau	of	Meteorology	and	the	CSIRO	(Commonwealth	Scientific	










trace	 gas	 and	 isotope	 Spectronus	 analyser,	 developed	 by	 the	 Centre	 for	 Atmospheric	
Chemistry	 at	 the	 University	 of	 Wollongong.	 The	 analyser	 combines	 a	 Fourier	 Transform	
Infrared	(FTIR)	Spectrometer	(Bruker	IRcube),	a	pressure	and	temperature	controlled	multi-










this	 campaign	 was	 designed	 and	 built	 at	 the	 University	 of	 Wollongong.	 It	 consists	 of	 a	
vertically	rotating	prism	capturing	scattered	solar	radiation	at	different	angles	(1°,	2°,	4°,	8°,	
16°,	30°	and	a	reference	at	90°)	 into	a	fibre	optic	that	carries	the	radiation	to	a	UV-Visible	













using	 certified	 gas	 standards	 from	 Apel	 Riemer	 Environmental	 Inc,	 USA	 and	 Air	 Liquide	
Specialty	Gases,	USA:	acetaldehyde,	acetone,	acetonitrile,	benzene,	methacrolein,	methanol,	
methyl	 ethyl	 ketone,	 toluene,	 1,3,5-trimethyl	 benzene,	 m-xylene,	 chlorobenzene,	 alpha	
pinene,	 1,2-dichlorobenzene,	 1,3,4	 trichlorobenzene,	 dimethyl	 sulphide	 and	 isoprene.	
Calibration	 data	 were	 used	 to	 construct	 sensitivity	 plots,	 which	 were	 used	 to	 calculate	
approximate	response	factors	for	other	masses	not	specifically	calibrated.	
	




acetonitrile	 and	 analysed	 by	 high	 performance	 liquid	 chromatography	 with	 diode	 array	
detection.	 The	 diode	 array	 detection	 enables	 the	 absorption	 spectra	 of	 each	 peak	 to	 be	
determined.	The	difference	in	the	spectra	highlights	which	peaks	in	the	chromatograms	are	






PAHs	were	sampled	 through	a	high-volume	air	 sampler	 (Kimoto	Electric	Co.,	 LTD.)	using	a	
sampling	rate	typically	at	~60	m-3	h-1.	The	sampling	rate	was	calibrated	using	an	orifice	plate	
prior	 to	 the	 sampling	 campaign	 and	 the	 sampling	 volume	 was	 calculated	 based	 on	 the	
calibrated	sampling	rate	and	sampling	duration.	A	bypass	gas	meter	installed	on	the	sampler	
was	used	 to	monitor	any	anomalous	 fluctuation	of	 the	 sampling	 rate	during	 the	 sampling	
period.	 Particle-associated	 and	 gaseous	 PAHs	 were	 collected	 on	 glass	 fibre	 filters	
(Whatman™,	203×254	mm,	grade	GF/A	in	sheets)	and	subsequent	polyurethane	foam	plugs	
respectively.	The	glass	fibre	filters	and	polyurethane	foam,	along	with	the	field	blank	samples,	
were	 extracted	 separately	 using	 an	 Accelerated	 Solvent	 Extractor	 (Thermo	 Scientific™	
Dionex™	ASE™	350)	after	being	spiked	with	a	solution	containing	7	deuterated	PAHs	(i.e.	2D10-
phenanthrene,	2D10-fluoranthene,	2D12-chrysene,	2D12-benzo[b]fluoranthene,	2D12-BaP,	2D12-
indeno[1,2,3-cd]pyrene,	 2D12-benzo[g,h,i]perylene)	 at	different	 levels	 as	 internal	 standards	
for	quantification	purposes.	Concentrated	extracts	were	cleaned	up	by	neutral	alumina	and	
neutral	silica.	Eluents	were	carefully	evaporated	to	near	dryness	and	refilled	with	250	pg	of	
13C12-PCB	 (polychlorinated	 biphenyl)	 141	 (in	 25	 µL	 isooctane)	 employed	 as	 the	
recovery/instrument	standard	for	estimating	the	recoveries	of	the	spiked	internal	standards	
and	monitoring	the	performance	of	the	analytical	instrument.	Samples	were	analysed	using	
a	 Thermo	 Scientific™	 TRACE™	 1310	 gas	 chromatograph	 coupled	 to	 a	 Thermo	 Scientific™	

















pre-concentration	 occurred	 over	 a	 1-hour	 period	 with	 subsequent	 analysis	 taking	 an	
additional	 hour.	 Continuous	 measurements	 of	 GEM	 at	 5-minute	 resolution	 were	 made	
possible		for	the	2537B	unit	by	rotating	pre-concentration/analysis	roles	of	the	two	internal	
gold	traps.	Both	2537	units	sampled	at	1	L	min-1	and	were	calibrated	every	23	hours	using	an	




were	 drawn	 at	 heights	 of	 5.2	 and	 8.0	 m	 through	 46.4	 m	 of	 nylon	 tubing	 using	 a	 PTFE	
diaphragm	pump	operating	at	10	L	min-1.	Subsampling	from	this	flow	through	a	0.2	µm	PTFE	
filter	 at	 1	 L	 min-1	 by	 a	 Tekran	 2537A,	 and	 switching	 between	 sample	 intakes,	 allowed	
resolution	of	a	GEM	gradient	every	30	minutes.	The	transfer	velocity	was	measured	using	a	
Campbell	 Scientific	 CSAT3	 sonic	 anemometer	 and	 LI-COR	 7200	 closed	 path	 infrared	 gas	














fetch	 analyses	 (Williams	 et	 al.,	 2009;Chambers	 et	 al.,	 2014);	 (ii)	 investigations	 of	 vertical	
mixing	 processes	within	 the	 daytime	 convective	 boundary	 layer	 (Williams	 et	 al.,	 2011)	 or	
nocturnal	 boundary	 layer	 (Chambers	 et	 al.,	 2015);	 (iii)	 identifying	 periods	 of	 minimal	
terrestrial	influence	on	a	measured	air	mass	(“baseline”	studies;	(Chambers	et	al.,	2016));	(iv)	





designed	 and	 built	 by	 the	 Australian	 Nuclear	 Science	 and	 Technology	 Organisation	















roof	of	 the	 laboratory	 containing	 the	aerosol	 instrumentation	 for	 this	 campaign.	 This	was	







the	 other	 column	 is	 regenerated	 by	 an	 ultra-dry	 compressed	 air	 system.	 All	 flows	 are	
controlled	by	software	that	directs	sample	flow	and	compressed	air	flow	to	the	appropriate	
column	with	a	series	of	valves.	The	ARADD	has	a	Total	Suspended	Particulate	style	intake	at	
the	 inlet	 of	 the	 aerosol	 sample	 path,	 and	 a	 sample	manifold	 at	 the	 exit	 of	 the	 system	 to	
provide	sampling	take-offs	for	the	various	aerosol	instruments	connected	to	the	ARADD.	Flow	
through	the	ARADD	is	provided	by	the	instruments	and	pumps	connected	downstream.	The	



















particle	 measurement	 system	 (BAM).	 Portions	 of	 the	 PM1	 filters	 have	 been	 analysed	 for	
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elemental	 and	 organic	 carbon	 mass	 loadings	 using	 a	 DRI	 Model	 2001A	 Thermal-Optical	







Daily	 aerosol	 filters	 were	 collected	 using	 two	 Ecotech	 3000	 high-volume	 volumetric	 flow	
controlled	 aerosol	 samplers	with	 PM10	 size	 selective	 inlets.	One	high-volume	 sampler	was	
used	to	collect	aerosols	on	acid	cleaned	Whatman	41	filters	to	determine	the	soluble	and	total	
fraction	of	trace	metals.	Soluble	trace	metals	were	extracted	from	a	filter	aliquot	using	ultra-
pure	 water	 (>18.2	 mΩ)	 leaching	 experiments.	 Total	 trace	 metal	 concentrations	 were	







built	Volatility	 and	Hygroscopicity	 Tandem	Differential	Mobility	Analyser	 (VH-TDMA).	 Inlet	












The	 chemical	 composition	 and	 properties	 of	 non-refractory	 sub-micron	 particles	 were	
investigated	with	a	compact	Time-of-Flight	Aerosol	Mass	Spectrometer	(cToF-AMS,	Aerodyne	
Research,	 Inc.)	 and	 a	 Time	 of	 Flight	 Aerosol	 Chemical	 Speciation	 Monitor	 (ToF-ACSM,	






Flight	 (pToF)	mode,	which	allows	 the	size	 resolved	chemical	composition	 to	be	measured.	
Both	instruments	sampled	through	a	PM2.5	inlet	and	nafion	dryer.	In	addition,	the	inlet	of	the	
cToF-AMS	was	 incorporated	 into	 the	 VH-TDMA	 system,	 so	 that	 when	 the	 VH-TDMA	was	
measuring	 ambient	 particles,	 the	 cToF-AMS	 would	 draw	 particles	 through	 the	




Steam	 Wise	 Thermal	 Gradient	 Cloud	 Condensation	 Nuclei	 Counter	 (CCNC)	 from	 Droplet	
Measurement	 Technologies	 Inc.	 (DMT,	model	No.	 100).	 Particles	were	 exposed	 to	 a	 0.5%	












































fetch	 and	 the	 degree	 of	 contact	 with	 the	 land	 surface	 (red	 line,	 Figure	 4-3a).	 Over	 the	





Figure	 4-3	 Hourly	 ATARS	 	 radon	 observations	 for	 June	 2014:	 (a)	 observed	 hourly	 data,	 and	 afternoon-to-afternoon	










Weak	mixing:	 	 	 ∆Rn12	≥	6700	mBq	m-3	
The	air	masses	predominantly	originated	 	 from	the	southeast	as	 indicated	 in	Figure	1	and	












The	 campaign	 average,	 standard	 deviation,	 median	 and	 Q25/Q75	 values	 for	 the	 major	
gaseous	and	aerosol	species	are	shown	in	Table	4-1.	The	median	values	for	each	species	are	
likely	 to	 be	 representative	 of	 background	 concentrations	 in	 this	 region.	 The	 average	
concentrations	 for	most	 species	were	higher	 than	 the	median	 concentrations,	 due	 to	 the	













Maximum	 Median	 Q25	 Q75	
CO	(ppb)	 229	 494	 18900	 130	 87	 214	
CO2	(ppm)	 404.68	 11.539	 513.578	 402.454	 394.728	 411.299	
O3	(ppbv)	 24.616	 9.903	 99.784	 22.771	 17.896	 29.778	
CH4	(ppb)	 1839.88	 68.06	 3766.81	 1820.11	 1802.26	 1852.97	
N2O	(ppb)	 326.329	 0.449	 334.871	 326.276	 326.121	 326.444	
GEM	(ng	m-3)	 0.992	 0.081	 1.734	 0.986	 0.952	 1.020	
Acetonitrile	
(ppb)	
0.351	 0.629	 9.775	 0.197	 0.129	 0.337	
Organics	(ug	m-3)	 11.081	 22.385	 347.657	 4.160	 2.335	 13.279	
SO42-	(ug	m-3)	 0.514	 0.318	 2.254	 0.411	 0.294	 0.679	
NH4+	(ug	m-3)	 0.351	 0.676	 18.17	 0.180	 0.096	 0.415	
NO3-	(ug	m-3)	 0.187	 0.456	 10.925	 0.042	 0.004	 0.189	
Cl-	(ug	m-3)	 0.166	 1.271	 53.270	 0.029	 0.016	 0.076	
PNC	(cm-3)	 8182	 19031	 40300	 2032	 2032	 8335	
Mode	 diameter	
(nm)	
104	 31	 -	 102	 85	 122	
Geom.	SD	 1.71	 0.13	 -	 1.70	 1.65	 1.75	
	
In	order	to	demonstrate	the	influence	of	close	fires	and	the	changing	inversion	layer,	the	time	


































in	 parentheses:	 (a)	 the	non-refractory	 PM1	organic	mass	 concentration	 (3	minutes;	 left)	 and	organic	mass	 fraction	 (3	
minutes;	right),	b)	the	inorganic	non-refractory	PM1	mass	concentrations	(3	minutes),	(c)	the	12-hour	filter	OC	and	EC	PM1	
mass	concentrations	(left)	and	the	ratio	of	OC	to	OC+EC	(right),	(d)	the	particle	size	distributions	and	particle	size	mode	(5	
minutes;	 left)	 and	 the	 total	 particle	 number	 concentration	 (5	minutes;	 right)	 and	 (e)	 the	wind	 direction	 at	 ATARS	 (1	
minute).		
Over	 the	 campaign	 organics	 dominated	 the	 non-refectory	 sub-micron	 aerosol	 mass	
contributing,	on	average	90%	(median;	86%)	of	the	total	mass.	Sulphate,	nitrates,	ammonium	
and	chloride	species	contributed	the	rest	of	this	mass,	with	the	 largest	contributions	from	









ions.	Outside	 of	 the	 "burning	 events"	where	 very	 sharp	 increases	 in	 concentrations	were	












fuel	 load	 or	 burning	 conditions	 could	 also	 contribute	 to	 this	 difference.	 The	 size	 and	
concentration	of	particles	during	the	Coastal	Period	(CP)	were	much	smaller	than	the	rest	of	
the	 campaign.	 There	 were	 two	 periods	 during	 CP	 where	 a	 bimodal	 size	 distribution	 was	





approximately	 85	 nm.	 Submicron	 sulfates	 made	 up	 to	 32%	 of	 the	 total	 submicron	 non-
refractory	mass	concentrations,	as	reported	by	the	cToF-AMS	from	the	period	of	midday	on	
the	19th	of	June	until	midnight	on	the	22nd	of	June,	whereas	the	average	sulfate	contribution	







Figure	 4-7	 The	 average	 size	 distribution	 during	 BBP2,	 BBP3,	 BBP4,	 CP	 and	 the	 campaign	 average.	 The	 SMPS	was	 not	
operational	during	BBP1.	
BBP1,	BBP2	and	BBP4	correspond	to	the	periods	when	fires	were	burning	within	10	km	of	
ATARS.	 Large	 enhancements	 of	 BB	 related	 emissions	 were	 observed	 during	 these	 three	
periods.	 There	 were	 distinct	 enhancements	 of	 all	 measured	 gaseous	 and	 aerosol	 species	






the	 rest	 of	 the	 campaign	 sampling	 period,	 the	 non-refractory	 submicron	 aerosol	 was	


























































































emissions	 from	 Australia	 (Meyer	 et	 al.,	 2012).	 Seasonal	 emission	 factors	 for	 the	 major	









dependent	 on	 the	 combustion	 conditions	 (using	 the	modified	 combustion	 efficiency	 as	 a	
proxy)	of	the	fires.	These	results	will	be	the	first	set	of	emission	factors	for	aerosol	particles	
from	savannah	fires	in	Australia.	Furthermore,	the	variability	in	emission	factors	for	different	
fires	 calls	 for	 a	 separation	 of	 single-value	 emission	 factors	 that	 are	 usually	 reported	 for	









of	 tropospheric	 ozone	 in	 diluted,	 aged	 biomass	 burning	 plumes,	 with	 higher	 ozone	
enhancements	observed	when	BB	plumes	 interact	with	NOx-rich	urban	plumes	 (Jaffe	 and	
Wigder,	2012;Wigder	et	al.,	2013;Akagi	et	al.,	2013).	Oxidation	of	NMOCs	results	 in	 lower	
volatility	 products	 that	 partition	 to	 the	 aerosol	 phase	 and	 contribute	 significantly	 to	
secondary	organic	aerosol	(Hallquist	et	al.,	2009).	BB	produces	significant	amounts	of	semi-
volatile	 NMOC	which	 can	 be	 difficult	 to	 quantify	 and	 identify	 with	 current	measurement	
techniques.	However	recent	studies	have	shown	that	including	semi	volatile	NMOC	chemistry	
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Polycyclic	 aromatic	 hydrocarbons	 (PAHs)	 are	 a	 group	 of	 chemicals	 that	 are	 formed	 and	
emitted	 during	 combustion	 processes.	 Globally,	 major	 sources	 include	










Emission	 factors	 of	 PAHs	 from	 BB	 related	 to	 savannah	 fires	 in	 northern	 Australia	 will	 be	
estimated	form	the	data	collected	during	this	campaign.	This	estimation	will	be	based	on	the	
(background	subtracted)	concentrations	of	PAHs	and	CO2	(and	CO)	during	the	events	where	
BB	 contributes	 most	 to	 these	 concentrations	 measured	 at	 the	 sampling	 site.	 The	
concentrations	of	13	major	PAHs	(gaseous	plus	particle-associated	phase)	varied	from	~	1	to	
over	15	ng	m-3	within	different	BB	events.	In	the	gas	phase,	3-	and	4-ring	compounds	typically	
contributed	 ~	 90%	 to	 the	 sum	 concentrations	whereas	 the	particle-associated	PAHs	were	
dominated	 by	 5-	 and	 6-ring	 compounds	 (>	 80%).	 Measured	 PAH	 concentrations	 were	
significantly	higher	(paired	t-test,	P	<	<0.05)	during	BB	events	E,	F	and	G.	For	these	events,	











the	 atmosphere	 from	BB	 currently	 range	 between	 300	 and	 600	Mg	 year-1	 (Driscoll	 et	 al.,	
2013).	 In	 the	 atmosphere,	 mercury	 exists	 as	 one	 of	 three	 operationally-defined	 species:	
gaseous	elemental	mercury	(GEM),	gaseous	oxidised	mercury	(GOM)	and	particulate-bound	
mercury	 (PBM),	each	with	differing	abundances,	 solubility	and	depositional	 characteristics	
and	 with	 in-air	 conversion	 between	 all	 three	 species	 possible	 (Lin	 and	 Pehkonen,	 1999).	







atmospheric	 pathway	 to	 ecosystems	 that	may	methylate	mercury,	 thereby	 enhancing	 its	
bioavailability	to	the	local	food	chain.		
	












those	 were	 from	 scrub,	 rather	 than	 grass,	 BB	 events	 (Desservettaz	 et	 al.,	 2016).	 Future	
outcomes	 from	 the	 SAFIRED	 campaign	 will	 focus	 on	 the	 use	 of	 micrometeorological	
techniques	 and	 the	 passive	 tracer	 radon	 to	 quantify	 delivery	 of	 atmospheric	 mercury	 to	





Atmospheric	 chemistry	 and	 radiative	 forcing	 will	 depend	 on	 how	 gaseous	 and	 aerosol	
emissions	from	fires	age	as	they	move	and	interact	with	each	other	and	existing	species	in	the	
atmosphere.	BB	aerosols	can	be	involved	in	condensation	and	coagulation	(Radhi	et	al.,	2012),	










Primary	 organic	 aerosol	 directly	 emitted	 from	 BB	 can	 interact	 with	 NMOCs	 to	 change	






2008).	 Some	 studies	 have	 shown	 the	opposite,	 i.e.,	 	 photo-oxidation	 can	 also	 lead	 to	 the	
evaporation	 of	 some	 primary	 organic	 constituents,	 resulting	 in	 an	 overall	mass	 reduction	
(Hennigan	 et	 al.,	 2011;Akagi	 et	 al.,	 2012).	 With	 thousands	 of	 organic	 compounds	 in	 the	
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atmosphere,	 each	 with	 different	 volatilities	 and	 potential	 reaction	 mechanisms,	 our	
understanding	of	 secondary	organic	 aerosol	 production	 is	 limited	 (Goldstein	 and	Galbally,	
2007;Keywood	et	al.,	2011).	Furthermore,	secondary	organic	aerosol	can	also	form	through	













likely	 responsible	 for	some	of	 the	SOA	formation.	A	 full	discussion	of	 these	results	can	be	




The	water	uptake	by	aerosols	 is	determined	by	 their	 size	and	composition,	as	well	 as	 the	
atmospheric	 humidity	 (McFiggans	 et	 al.,	 2006).	 The	 hygroscopic	 properties	 of	 all	 of	 the	
different	components	of	an	aerosol	particle	contribute	to	its	total	hygroscopicity	(Chen	et	al.,	
1973;Stokes	 and	 Robinson,	 1966).	 The	 presence	 of	 different	 water-soluble	 and	 water-
insoluble	 organics	 and	 inorganics	 will	 therefore	 strongly	 influence	 water	 uptake.	
Furthermore,	 chamber	 studies	 that	 have	 investigated	 emissions	 from	biomass	 fuels,	 both	
separately	 and	 in	 combination,	 have	 shown	 that	 the	 hygroscopic	 response	 can	 vary	
significantly	depending	on	fuel	type	(Carrico	et	al.,	2010).	Understanding	the	water	uptake	of	
atmospheric	 aerosols	 is	 further	 complicated	 when	 considering	 other	 aging	 processes	 as	
described	previously.	Nonetheless,	it	 is	important	to	characterise	the	water	uptake,	as	this	
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ratio	 of	 40%	 ±	 20%	 during	 the	 night	 and	 60%	 ±	 20%	 during	 the	 day.	 The	 particle	 size	
distribution	and	the	hygroscopicity	of	the	particles	were	found	to	significantly	influence	this	
activation	 ratio.	 A	 full	 discussion	 of	 these	 results	 can	 be	 found	 in	 Mallet	 et	 al.	 (2016,	









al.,	 2011).	 To	 date,	most	 studies	 have	 assumed	 that	mineral	 dust	 aerosols	 represent	 the	

















provides	an	 ideal	 location	to	further	 investigate	BB	derived	fractional	 iron	solubility	at	the	
source.	The	results	from	this	study	can	be	found	in	Winton	et	al.	(2016)	and	show	that	soluble	
iron	concentrations	from	BB	sources	are	significantly	higher	than	those	observed	in	Southern	
Ocean	 baseline	 air	 masses	 from	 the	 Cape	 Grim	 Baseline	 Air	 Pollution	 Station,	 Tasmania,	
Australia	(Winton	et	al.,	2015).	Aerosol	iron	at	SAFIRED	was	a	mixture	of	fresh	BB,	mineral	
dust,	sea	spray	and	industrial	pollution	sources.	The	fractional	iron	solubility	(2	-	12%)	was	





While	 the	 specific	 outcomes	 of	 the	 SAFIRED	 campaign	 are	 reviewed	 above,	 the	 general	
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Supplementary	 Figure	 S4-1	 shows	 the	 ambient	 relative	 humidity	 and	 the	 aerosol	 sample	
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in	 the	 region,	 providing	 a	 unique	 opportunity	 to	 investigate	 the	 biomass	 burning	 aerosol	































warming	 effect,	 the	 influence	 of	 solar	 radiation	 scattering	 by	 organic	 material	 and	 the	
production	of	CCN	has	a	cooling	effect	on	the	Earth's	lower	atmosphere.	The	net	forcing	of	
carbonaceous	 combustion	 aerosol	 is	 thought	 to	 have	 an	 overall	 global	 cooling	
effect(Spracklen	 et	 al.,	 2011;Ward	 et	 al.,	 2012).	 	 The	 complexity	 arises	 from	 variability	 in	
emission	factors,	BBA	size,	composition	and	aging,	and	contributes	to	a	large	uncertainty	that	
these	fires	have	on	the	radiative	budget	(Carslaw	et	al.,	2010).	Thus	detailed	measurements	











November)	 thousands	of	 fires	burn	 via	prescribed	burning	and	 spontaneous	or	 accidental	
ignitions.	The	frequency	and	severity	of	these	fires	increases	as	the	season	progresses	from	
the	 early	 dry	 season	 to	 the	 late	 dry	 season	 (Andersen	 et	 al.,	 2005).	 Under	 Aboriginal	
management,	 fires	were	 lit	 in	 the	 late	dry	season	 in	order	 to	prepare	 for	 the	wet	season.		
These	 late	dry	 season	 fires	may	have	been	 lit	 intentionally	 to	 trigger	 the	onset	of	 rainfall	
following	the	formation	of	pyro-cumulus	clouds,	among	other	ecological	reasons	(Bowman	







composition	and	 the	hygroscopicity	of	BBA,	and	 in	 turn	 their	ability	 to	act	as	CCN.	BBA	 is	
typically	a	mixture	of	elemental	carbon,	organic	carbon	and	can	contain	inorganic	material	
(Reid	et	al.,	2005).	The	precise	organic	carbon	composition	of	primary	BBA	can	vary	greatly	
depending	 on	 the	 fuel	 type	 and	 these	 organic	 constituents	 can	 be	 weakly	 or	 highly	
hygroscopic	 (Carrico	 et	 al.,	 2010;Mochida	 and	 Kawamura,	 2004;Novakov	 and	 Corrigan,	
1996;Petters	et	al.,	2009).	The	hygroscopicity	of	BBA	can	change	with	oxidation	and	with	the	

































et	 al.,	 2010;Kondo	et	 al.,	 2003).	 Trade	winds	 collect	 and	 carry	 this	 smoke	northwest	over	
northern	Australia,	the	Timor	Sea	and	the	tropical	warm	pool.	Cloud	albedo	is	more	sensitive	





This	 paper	 presents	 a	 comprehensive	 data	 set	 of	 the	 particle	 size,	 chemical	 composition,	








Sampling	 took	 place	 at	 the	 Australian	 Tropical	 Atmospheric	 Research	 Station	 (ATARS;	
12°14'56.6"S,	131°02'40.8"E),	Gunn	Point,	in	the	Northern	Territory	of	Australia	as	a	part	of	





occurred	 in	 June	2014	at	ATARS.	 This	period	 is	 the	early	dry	 season	 in	 this	 region,	where	
strategic	small-scale	controlled	burns	are	performed	in	order	to	reduce	the	frequency	and	
intensities	 of	 fires	 in	 the	 late	 dry	 season	 in	 October	 and	 November.	 Despite	 sampling	
occurring	during	winter,	daily	temperatures	can	reach	well	above	30°C		such	that	accidental	
and	natural	 fires	can	also	occur.	Throughout	the	sampling	period,	 thousands	of	 fires	were	
observed	in	northern	Australia.	This	led	to	strong	biomass	burning	signatures	detected	at	the	
station,	with	numerous	instances	of	very	intense	BBA	events	from	both	distant	and	close	fires.	
















Aerosol	 size,	 concentration,	 composition,	 hygroscopicity	 and	 CCN	 concentration	
measurements	were	taken	to	characterise	BBA	water	uptake	and	its	potential	impact	on	cloud	
formation.	 Ambient	 aerosol	 was	 sampled	 through	 an	 automated	 regenerating	 aerosol	
diffusion	 dryer	 to	 condition	 the	 intake	 to	 below	 40%	 relative	 humidity.	 PM1	 filters	 were	














of	 high	 signals	 in	which	 some	 sulphate	 species	were	misattributed	 to	 organics,	 the	 high-
resolution	AMS	analysis	toolkit,	PIKA,	was	used	to	separate	organic	and	sulphate	signals.	Data	
for	 the	analysis	of	 the	 size-resolved	 chemical	 composition	within	PIKA	were	not	 recorded	
during	 the	sampling	period	and	therefore	 the	standard	AMS	analysis	 toolkit,	Squirrel,	was	
used	with	unit	mass	resolution.	In	order	to	account	for	fragmentation	table	issues	related	to	











Total	 particle	 number	 concentrations	 (PNc)	 were	 calculated	 by	 integrating	 the	 size	
distributions	 measured	 by	 the	 SMPS.	 The	 activation	 ratio	 of	 BBA	 as	 CCN	 at	 0.5%	
















The	 apparent	 activation	 diameters	 were	 then	 used	 to	 calculate	 the	 average	 effective	
hygroscopicity	 parameter,	 κ,	 for	 each	 SMPS	 scan	 following	 κ-Kohler	 theory	 (Petters	 and	














160	 nm	 (Figure	 S5-2).	 This	 relationship	 was	 then	 applied	 to	 the	 calculated	 activation	
diameters	over	 the	 sampling	period	 to	 calculate	 the	BBA	κ	 values.	 The	uncertainty	 in	 the	






TDMA	 data	 were	 inverted	 using	 the	 TDMAinv	 algorithm	 (Gysel	 et	 al.,	 2009)	 and	 HGF	
distributions	were	kelvin-corrected	for	comparison	between	50	and	150	nm	particles	at	90	%	





When	 the	 surface	 tension	 of	 pure	 water	 is	 assumed,	 κ	 is	 regarded	 as	 the	 "effective	
hygroscopicity	parameter",	which	accounts	for	changes	in	water	activity	due	to	the	solute	as	
well	as	any	surface	tension	effects	(Petters	and	Kreidenweis,	2007;Rose	et	al.,	2010;Pöschl	et	
al.,	 2009).	 The	 effective	 hygroscopicity	 parameter	 is	 therefore	 an	 indication	 of	 all	













	 𝜅 = 𝜀^𝜅^^ 	 Equation	5-3	
	
where	 κ	 is	 the	 overall	 hygroscopicity	 and	 εi	 and	 κi	 are	 the	 volume	 fractions	 and	
hygroscopicities	 of	 each	 constituent,	 respectively.	 	 A	 modelled	 κ	 was	 constructed	 to	
determine	the	influence	of	diurnal	changes	in	organic	and	inorganic	volume	fractions,	where	
κtotal	=	εorgκorg	+	εECκEC	+	εinorganicκinorganic,	following	the	ZSR	assumption.	The	12-hour	PM1	BAM	













was	 integrated	 step-wise	 from	 the	 upper	 size	 limited	 measured	 in	 the	 SMPS	 until	 the	
activation	diameter	was	reached.	The	same	process	used	to	calculate	the	precise	activation	
diameters	 earlier	was	used	 to	 calculate	 the	precise	CCN	 concentrations.	 This	 process	was	
carried	 out	 for	 the	 modelled	 hygroscopicity	 from	 the	 size-resolved	 cToF-AMS	 data,	 the	






hygroscopicities	 for	BBA	 in	other	regions	and	 in	 laboratory	measurements	Engelhart	et	al.	
(2012).		The	global	mean	values	of	κ	have	been	estimated	to	be	0.27	±	0.21	for	continental	
aerosols	 (Pringle	 et	 al.,	 2010).	 It	 has	 been	 suggested	 that	 it	 is	 suitable	 to	 assume	 this	
continental	average	(κ	~	0.3)	to	make	first	order	predictions	of	CCN	activity	(Rose	et	al.,	2011).	
Modelling	CCN	concentrations	using	these	methods	and	assumed	hygroscopicity	values	will	


























































ratio	 also	 follows	a	distinct	 diurnal	 trend	with	~40%	±	20%	of	BBA	acting	 as	CCN	at	 0.5%	





Figure	 5-2	 The	 diurnal	 trends	 of	 a)	 the	 total	 cloud	 condensation	 nuclei	 concentration	 (CCNc)	 and	 particle	 number	







was	 typically	 higher	 with	 much	 more	 variability	 at	 0.07	 ±	 0.05.	 H-TDMA-derived	
hygroscopicities	 for	 150	 nm	 diameter	 particles	 (Figure	 5-3d)	 agreed	 very	well	 with	 these	
	 152	
values,	 although	a	much	higher	 variability	was	observed	around	noon.	 The	hygroscopicity	
distributions	of	50	nm	diameter	particles	 followed	a	 similar	 trend	but	were,	 interestingly,	




same	 hygroscopicity)	 of	 very	weak	 hygroscopic	 BBA,	 and	 during	 the	 day	 an	 increase	 and	
broadening	 of	 the	 hygroscopicity	 mode,	 suggesting	 an	 external	 mixture	 of	 slightly	 more	
hygroscopic	particles.	The	size-resolved	AMS	hygroscopicity	values	were	calculated	assuming	
κorg	of	0.02	and	0.08	during	the	night	and	day,	respectively.	The	organic	volume	fraction	was	












used	 an	 approximation	 presented	 in	 Petters	 and	 Kreidenweis	 (2007)	 to	 calculate	 κ.	 This	
approximation	 is	more	 appropriate	 for	 κ	 values	 over	 0.2,	which	means	 that	 the	 reported	






















a	 ~0.7%	nm-1	 increase	when	 κ	 >	 0.05.	 These	 findings	 support	 the	 idea	 that	 cloud	droplet	
number	concentrations	are	sensitive	to	composition	at	low	hygroscopicities	(Reutter	et	al.,	







resolved	 chemical	 composition	 was	 investigated.	 For	 bulk	 PM1	 composition,	 there	 was	 a	
distinct	 increase	 in	 the	 inorganic	mass	 fractions	 during	 the	 day	 due	 to	 an	 enrichment	 of	
ammonium	 and	 sulphate	 species.	 The	 size-resolved	 composition,	 however,	 revealed	 that	
these	inorganic	species	were	more	present	on	larger	particles	and	had	a	daerodynamic	mode	at	
approximately	350	nm,	while	organics	had	a	mode	at	approximately	250	nm.	This	observation	
is	 consistent	 with	 other	 studies	 that	 show	 that	 smaller	 particles	 are	more	 enriched	with	
organics	 (Levin	 et	 al.,	 2014;Rose	 et	 al.,	 2011;Gunthe	 et	 al.,	 2009).	 As	 the	 influence	 of	
composition	on	CCN	activation	is	irrelevant	at	larger	sizes,	it	is	important	to	investigate	the	
composition	at	smaller	sizes	where	the	aerosol	number	is	highest	and	the	composition	can	
affect	 the	 activation	 diameter.	 The	 size-resolved	 composition	 revealed	 that,	 within	 the	
aerodynamic	diameter	size	range	of	100	nm	to	200	nm,	organics	were	completely	dominant	










25th	 June,	 grass	 and	 shrub	 fires	 were	 blazing	 ~1	 km	 southeast	 of	 the	 ATARS	 site.	Wind	
directions	 during	 this	 period	 were	 very	 unstable	 and	 frequently	 altering	 between	
southeasterly	and	northeasterly.	This	resulted	in	the	sampled	air	mass	frequently	changing	
from	 the	 "fresh"	 plume	 and	 more	 background	 like	 conditions	 over	 the	 course	 of	














to	 25%.	 Whether	 this	 is	 a	 result	 of	 a	 change	 in	 the	 burning	 conditions,	 fuel	 load	 or	 a	
combination	of	both	is	unclear.	These	events	demonstrate	the	importance	of	BB	as	a	source	
of	CCN,	despite	 the	 relatively	hydrophobic	nature	of	BBA.	Furthermore,	 in	 the	absence	of	










suggest	 that	 the	 hygroscopicity	 converges	 from	 highly	 (κ	 =	 0.6)	 or	 weakly	 (κ	 =	 0.06)	




BBA.	 The	 increase	 in	 the	 hygroscopicity	 throughout	 the	 day	 is	 due	 to	 the	 photochemical	
oxidation	of	organics.	The	high	frequency	of	fires	during	the	early	dry	season	in	north	Australia	
likely	results	 in	the	"regional	haze"	predominantly	being	composed	of	relatively	 fresh	BBA	
with	 a	 very	 low	 hygroscopicity.	 The	 aging	 processes	 were	 observed	 to	 increase	 the	
hygroscopicity	to	~0.08	±	0.05,	which	is	the	lower	estimate	of	value	suggested	by	Engelhart	





degree	 of	 oxidation	 in	 this	 study,	 due	 to	 the	 varying	 nature	 of	 this	 value	 with	 different	
combustion	sources	and	the	difficulty	in	ascertaining	the	distance	from	most	fires	to	the	point	
of	 sampling.	 Future	 measurements	 that	 involve	 a	 more	 detailed	 investigation	 of	 the	
















Figure	 5-6	 shows	 the	 normalised	 frequency	 distributions	 of	 the	 ratio	 of	 modelled	 and	
measured	CCN	concentrations	for	five	different	compositional	scenarios,	taking	into	account	
the	 time-dependent	 size	 distributions.	 For	 a	 constant	 hygroscopicity	 of	 0.20,	 daytime	
concentrations	 were	 overestimated	 by	 15%	 to	 40%	 while	 night	 concentrations	 were	
overestimated	by	well	over	100%.	A	similar	case	is	observed	for	hygroscopicities	of	0.10	and	
0.30.	 For	 an	 assumed	 constant	 κ	 of	 0.05,	 which	 represents	 the	 campaign	 average,	 the	
modelled	 CCN	 concentrations	 slightly	 underestimate	 the	 measured	 CCN	 concentrations	
during	the	day	by	less	than	10%,	but	overestimate	the	night	CCN	by	65%.	Using	the	day	and	
night	 campaign	 averages	 of	 0.071	 and	 0.035,	 respectively,	 improved	 the	 night	 time	
concentration	to	an	overestimation	of	approximately	50%.	Using	the	time	dependent	size-
resolved	 AMS	 composition	 and	 assigning	 and	 κorg	 as	 0.08	 and	 0.02	 for	 day	 and	 night,	
	 158	
respectively,	also	provides	a	good	agreement	between	the	estimated	and	measured	daytime	





10%	 during	 the	 day,	 but	 there	 were	 also	 overestimations	 of	 between	 45%	 and	 70%	
respectively.	 The	 time	 resolution	 of	 the	 H-TDMA	 limited	 the	 number	 of	 CCN	 model	
calculations	that	could	be	done,	which	introduced	more	potential	bias	for	individual	periods	
where	the	agreement	between	the	measured	and	modelled	CCN	was	worse	(or	better).	The	




concentrations	 based	 on	 a)	 the	 150	 nm	 and	 50	 nm	 H-TDMA	 derived	 hygroscopicities	 and	 size-resolved	 cToF-AMS	








and	 the	 reduction	 in	 surface	 tension	 to	 their	 presence).	 This	 study	 has	 shown	 that	 the	









increase	 in	 CCN	 activation.	 Although	 models	 generally	 use	 the	 effective	 hygroscopicity	








northern	 Australia.	 The	 aerosol	 size	 distribution	 was	 typically	 unimodal	 with	 a	 median	
diameter	of	107	nm	and	the	BBA	was	weakly	hygroscopic	and	predominately	internally	mixed.	
These	conditions	meant	that	both	the	composition	and	size	were	important	in	determining	



















the	 late	 dry	 season	 lead	 to	 the	 formation	 of	 pyro-cumulous	 clouds	 and	 higher	 rainfall	 in	
comparison	to	the	early	dry	season	(Bowman	et	al.,	2007).	Concurrent	aircraft	measurements	
would	be	required	to	investigate	the	penetration	and	evolution	of	smoke	into	upper	levels	of	
the	 troposphere.	Characterising	 the	presence	of	 smoke	within,	below	and	above	clouds	 is	
required	 to	 fully	understand	 the	vertical	 radiative	effect	of	 these	 fires.	The	south	easterly	
trade	winds	carry	this	smoke	over	waters	in	the	Indian	and	western	Pacific	oceans	known	as	
the	 tropical	warm	pool.	Measurements	 in	 Indonesia	 or	 on	 a	 ship	 in	 the	 Timor	 Sea	would	
therefore	also	be	useful	in	determining	the	long-range	transport	and	evolution	of	the	smoke.	
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Figure	 S5-2	 shows	 the	 sensitivity	 of	 temperature	 and	 the	 contribution	 of	 surface	 tension	
effects	on	the	calculated	hygroscopicity	parameter,	κ.	The	temperature	in	the	CCN	counter	
during	the	sampling	period	was	308K	±	3K.	The	surface	tension	of	0.072	Jm-2	is	that	of	pure	









conditions	 lead	 to	different	BBA	composition.	Mircea	et	al.,	 (2005)	 found	that	 the	surface	
tension	is	a	function	of	dissolved	organic	carbon	concentration	with	values	ranging	from	0.072	

















This	 thesis	 presents	 detailed	 physical	 and	 compositional	 characterisation	 of	 aerosols	






































to	be	explored.	The	 results	 from	 this	 study	will	 support	 future	measurements	around	 the	
Great	Barrier	Reef	in	distinguishing	potential	SSA	and	secondary	marine	aerosol.		
	
An	 overview	 of	 the	 north	 Australian	 fires	 in	 the	 2014	 early	 dry	 season	 and	 subsequent	
measurements	 of	 their	 emissions	 were	 given	 in	 the	 second	 manuscript	 (Chapter	 4).	
Measurements	 took	 place	 during	 the	 SAFIRED	 (savannah	 fires	 in	 the	 early	 dry	 season)	
campaign,	when	thousands	of	fires	burned	across	the	region.	These	fires	were	observed	to	
be	 the	 dominant	 source	 of	 greenhouse	 gases	 and	 aerosols	 during	 this	 period.	 Although	
background	concentrations	were	typically	high,	11	individual	smoke	events	were	identified	




submitted;Wang	 et	 al.,	 2016;Winton	 et	 al.,	 2016).	 Drawing	 on	 the	 extensive	 amount	 of	
gaseous	and	aerosol	data	 collected	outside	 these	 smoke	events,	when	 there	 is	more	of	 a	
regional	haze,	will	also	allow	a	deeper	understanding	into	the	aging	(Milic	et	al.,	2016),	cloud	











concentrations.	 The	 average	 size	 distributions	 of	 smoke	 observed	 during	 SAFIRED	 were	
smaller	than	those	observed	elsewhere,	which	gave	rise	to	CCN	activation	being	sensitive	to	
the	 composition	 (i.e.	 hygroscopicity)	 of	 the	 smoke.	On	average,	CCN	 concentrations	were	
highest	during	 the	night	 time	due	 to	 the	 timing	of	 fires	 in	 the	 region,	however	 change	 in	
composition	 during	 the	 daytime	 increased	 the	 hygroscopicity	 of	 particles	 and	 the	 CCN	
activation	by	~20%.	These	processes	were	complex	and	a	simple	relationship	between	organic	
aerosol	oxidation	and	hygroscopicity	was	not	observed	as	it	has	been	in	other	studies	(Chang	
et	 al.,	 2010;Duplissy	 et	 al.,	 2011).	 Assuming	 a	 low	 to	 moderate	 hygroscopicity	 based	 on	
literature-based	continental	(Gácita	et	al.),	aged	smoke	(Engelhart	et	al.,	2012)	and	average	
continental	hygroscopicities	led	to	overestimates	of	CCN	concentrations	up	to	300%.	While	
the	 consensus	 is	 that	 the	 size	 is	more	 important	 than	 the	 composition	 in	 determine	CCN	
concentrations	 (Dusek	 et	 al.,	 2006),	 applying	 "typical"	 hygroscopicities"	 for	 particles	 in	
regions	like	northern	Australia	would	lead	to	large	overestimates	of	CCN.	This	highlights	the	












Mace	Head	in	 Ireland,	 it	 is	difficult	to	differentiate	primary	and	secondary	marine	aerosol.	
Continuing	 to	 understand	 sea	 spray	 aerosol	 from	 the	 reef	 in	 a	 simpler	 way	 is	 by	 doing	





further	 explored.	 Other	 techniques	 include	 a	 wave	 breaking	 chamber,	 or	 pulsed	 water	
plunging,	 to	 simulate	 the	 natural	 water	 turbulence	mechanisms	 that	 occur	 in	 the	 ocean.	















sample	was	collected.	A	measurement	campaign	similar	 to	 this	would	be	 feasible	at	QUT,	
which	supports	more	instrumentation	and	time	than	remote	campaigns.	Full	water	biological	





detailed	 the	 first	use	of	 a	 cToF-AMS	 to	quantify	 sea	 salt.	Only	 a	 small	 fraction	of	 sea	 salt	
vaporizes	and	is	therefore	detected	in	these	instruments.	A	few	studies,	including	this	one,	
demonstrate	that	despite	this	limitation,	is	it	possible	to	perform	a	calibration	to	scale	up	the	




these	 quantities	was	 observed,	 the	 calibration	was	 performed	over	 a	mass	 concentration	
range	from	10	µg/m3	up	to	30	µg/m3.	Future	calibrations	should	involve	a	much	large	range	
with	more	data	points,	especially	at	lower	concentrations	of	<1	µg/m3	where	concentration	














multiple	 reaction	 pathways	 (von	 Glasow	 and	 Crutzen,	 2004).	 This	means	 that	 new	 cloud	
condensation	 could	 be	 created,	 or	 existing	 particles	 such	 those	 from	 sea	 spray	 aerosol,	









valuable	 in	 characterising	 both	 the	 terrestrial	 influence	when	 air	masses	 blow	 eastwards	
towards	the	reef,	as	well	as	any	influence	from	the	reef	when	air	masses	are	westward.	With	





Research	 Station.	 This	 data	 has	 yet	 to	 be	 analyzed	 extensively,	 but	 could	 provide	







The	aim	of	 this	campaign	was	 to	 find	and	track	 intense	phytoplankton	blooms	and	to	 link	
water	biology	to	aerosol	properties.	Continuous	ambient	measurements	focused	on	aerosol	














scale	measurement	campaign	 to	occur	 in	north	Australia	during	 the	early	dry	season.	The	
ground	based	Australian	Tropical	Atmospheric	Research	Station	(ATARS)	is	well	equipped	to	











the	 meantime,	 some	 semi-permanent	 instrumentation	 measuring	 particle	 number	
concentrations	and	mercury	concentrations	have	been	installed	at	ATARS	which	require	little	
maintenance.	The	advantages	of	a	large-scale,	permanent	sampling	location	at	ATARS	would	










characteristics	 throughout	 the	 transition	 into	 the	 wet	 monsoonal	 season	 when	 smoke	 is	
unlikely	 to	be	present	 in	 a	 large	 capacity.	 Year-to-year	 observations	would	be	 even	more	






























Australian	 savannah	 fires"	 provides	 the	 first	 link	 between	 smoke	 and	 cloud	 condensation	
nuclei	in	the	north	Australian	early	dry	season.	As	outlined	in	the	previous	section,	long	term	
measurements,	 or	 measurements	 over	 different	 seasons	 and	 years	 would	 be	 beneficial.	
Furthermore,	to	further	explore	the	link	between	these	fires	and	cloud	properties,	a	remote	
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